Simulations of a DC non-transferred arc plasma torch operating with argonhydrogen have been performed by using a three-dimensional model. An artificially high electrical conductivity layer is employed to allow the current passing through the low temperature region near the anode wall. A new way by using two equations to describe the current density distribution is developed. Besides, a new method for determining the location of the arcroot attachment is proposed, in which the minimum total heat transfer rate through the anode wall is considered as the criterion for the lowest energy loss. Based on this criterion, the real arc core radius and length are predicted. Moreover, the influences of arc current and mass flow rate on the plasma arc characteristics are also investigated. location of the arc-root attachment predicted by the minimum total heat transfer rate principle is in good agreement with the previous work and the experimental data. Additionally, it is found that arc length can be reduced by increasing current or decreasing flow rate. Also, higher current and flow rate lead to higher temperature and velocity inside the plasma torch.
location of the arc-root attachment predicted by the minimum total heat transfer rate principle is in good agreement with the previous work and the experimental data. Additionally, it is found that arc length can be reduced by increasing current or decreasing flow rate. Also, higher current and flow rate lead to higher temperature and velocity inside the plasma torch.
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Introduction
Plasma spray is one of the important thermal spraying techniques, which has been attracting many attentions over the years. This technique can be used to produce various metal and ceramic coatings for anti-wear, anticorrosion and thermal barrier etc. A large number of studies concerning about the flow fields inside the plasma spray nozzle were carried out by both experimental and numerical methods. However, results from experiments are limited due to the high-cost equipments and the difficult implementation in recording the flow field data inside the torch. Alternatively, numerical simulation has been accepted to be an effective way to study the characteristics of the plasma spray, especially complex flow fields inside the torch because of its low time and economic consumption.
Simulation works on plasma arc inside the torch were firstly studied by using two-dimensional (2D) [1] [2] [3] [4] [5] [6] [7] and then extended to three-dimensional (3D) models [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . For 2D models, the anode arc attachment was calculated based on axisymmetric assumption, which normally leads to the unrealistic result.
For 3D models, the arc attachment is always assumed to be a constricted spot on the anode wall. In general, the position of the arc-root attachment in a DC plasma torch can be determined by the Steenbeck's minimum principle (to seek the minimum arc voltage) [2, 8, 15] or the principle of minimum entropy production (to seek the minimum entropy production) [13] .
The Steenbeck minimum principle is a special case of the minimum entropy production principle. Moreover, Eichert et al [18] , and followed by Meillot et al. [19] have even used the criterion of thermal efficiency to decide the length of the arc-root attachment. They used experimentally measured power and current as the input of the numerical model and then monitored the calculated thermal efficiency. When the gun thermal efficiency rate obtained by numerical simulation is in agreement with that by experiment, the calculated arc length was considered as the real one. This method is relatively easy to implement but is limited because the experimental results must be known at first.
Transient process of the plasma arc was also introduced in different studies [20] [21] [22] [23] [24] [25] . Park et al. [20] simulated the movement of the plasma arc driven by the rotating magnetic field. The model used in their works could accurately predict the azimuthal movement of the arc inside the torch. Baudry et al. [21] [22] [23] systematically studied the motion behavior of the anode spot caused by the interaction between the cold flow and the plasma arc. The reattachment process in that work was also presented by specifying a maximum electric field. Colombo and Ghedini [24] simulated the plasma flow in a DC torch by assuming a layer with high electrical conductivity in front of the anode wall. By using this technique, the position of the arc attachment could also be accurately predicted without any further assumption. Based on the same assumption, Trelles et al. [26] also performed the simulation work on the transient process of the plasma arc by using a multi-scale finite element model.
Although the operation of plasma torch in real situation is time-dependent, the study on the steady-state flow is also necessary and feasible for determining the arc-core radius and arc length because the experimental pictures have presented a fixed location of the erosion point resulting from the arc-root attachment on the anode wall [8, 17] . Therefore, based on the steady-state solution of the plasma flow inside the torch, a new principle called minimum total heat transfer rate principle is proposed to determine the real arc-core radius and arc length. This method refers to the previous proposed minimum entropy production principle by Ramachandran et al. [13] . In that study, the minimum entropy production is regarded as the indication of lowest energy dissipation by thermal current and convection, thus representing the real situation. Their idea is also adopted in our paper but in a different way that we monitor the total heat transfer rate through the anode wall.
We assume some arc-core radii first, and each radius corresponds to a unique arc length due to the artificially high electrical conductivity layer technique employed in this study. The one resulting in the minimum heat transfer rate is recognized as the real are-core radius, and so is the corresponding arc length. This method is more convenient in comparison with the principle of minimum entropy production, because the heat transfer rate can be directly obtained from the CFD software.
In order to realize this objective, a simplified plasma torch model proposed by Ramachandran et al. [13] . is employed. Figure 1 shows the typical schematic view of the arc column in a non-transferred arc plasma torch, and the region framed by the red square is the computational region used in the study. The geometry of the current model is given as same as that in Ref [13] for the purpose of comparison and then validation of our new principle.
Besides, the current given in the form of current density and the mass flow rate which closely relates to the location of the arc-root attachment are also studied based on the minimum total heat transfer rate principle because the arc movement significantly affects the outflow outside the torch as reported in [26] . Moreover, a two-equation current density profile is developed, which can guarantee the maximum value with the order of 10 8 A/m 2 , the zero current density at the position of arc-core radius, and also the smooth transition along the radial direction.
The simulations are performed based on the commercial code ANSYS-FLUENT 14.5. User Defined Function (UDF) technique is employed to deal with the additional governing equations, thermal-dynamic properties interpolation and other aspects where needed.
Mathematical model

Model assumptions
The model of plasma arc is based on the following assumptions:
1. The gravity effect and viscous dissipation are neglected.
2. The plasma flow is considered as steady, turbulent and incompressible.
Turbulence models are used because the rapid heating around arc causes the sudden expansion of the gas and consequently its rapid acceleration (the maximum Reynolds number can reach 2000 in our simulaton), which is able to make the flow become turbulent [2] .
3. The plasma flow is in local thermodynamic equilibrium (LTE). The plasma gas is treated as a single continuous fluid characterized by a single temperature for all species.
4. The plasma is optically thin.
5. The working gas is injected into the plasma torch in axial direction at the torch inlet.
Governing equations
The governing equations for plasma arc, including the equations of conservation of mass, momentum and energy, and the electromagnetic equations given by Maxwell's equations in form of the electric potential and magnetic vector potential, are presented as follows:
where the term j × B denotes the Lorentz force, j · E represents the Joule heating term, 4πε r means the volumetric radiation losses and j · ∇T indicates the diffusion of electron enthalpy. The radiation emission coefficients of argon (Ar) and hydrogen (H 2 ) are taken from [25] and [26] respectively.
Thermodynamic and transport properties of the plasma gases are taken from [29] [30] .
Besides the equations above, the following additional relations are needed for computation:
∇ × A = B, E = −∇ϕ, and j = σE
The k − ε model with SIMPLE algorithm (second order upwind) is used as follows:
Turbulent kinetic energy k:
Turbulent dissipation rate ε:
where µ t = ρC µ (k 2 /ε). G k represents the generation of turbulence kinetic energy due to the mean velocity gradients. σ k and σ ε are the turbulent Prandtl numbers for k and ε respectively. C 1ε and C 2ε are constant.
The following model coefficients in ANSYS are chosen:
Current density
If the linear current density profile imposed at the cathode tip and inlet given as 3I (1 − r/R) /(πR 2 ) is used, this profile is not smooth at r = 0. A smooth function of the distribution of the current density should be closer to real condition. If the parabolic current density profile
is used, the maximum current density is below 10 8 A/m 2 . For commercial plasma spray torches operating between 100 A and 800 A, the maximum value of current density is expected to be of the order of 10 8 A/m 2 [31] . If the exponent current density profile like Je −br 2 is used, the value at r = R is not zero. Therefore, in order to meet all these requirements, a two-equation current density profile is developed:
where J 1 and J 2 mean the maximum values of J cath and J inlet , respectively.
J cath and J inlet must fulfill:
From equations (11)- (13), the following relations can also be got: (14) and the total current is I, then
The radius of the cathode tip r 1 = 0.0005 m is chosen in the paper.
When R and n is identified, the solution of J 1 , J 2 and b is unique. When R = 0.0016 m and n is around 0.57, the maximum current density is almost the same as that of linear current density. Figure 2 presents the current profiles at different n with R = 0.0016 m. When n = 1, the maximum current density is smaller than that of linear current density. When n = 0.2, the maximum current density is bigger than that of linear current density.
The effect of n will be discussed in the following. 
Computational domain and boundary conditions
The computational domain of the F4 Sulzer-Metco plasma spraying torch is shown in of the anode wall. In this study, the artificially high electrical conductivity near the anode is also used, and in order to get the three-dimensionality of the plasma gas, it is imposed to only part of the anode wall with a small angle θ (Fig. 3 ) based on the experimental data.
Results and discussion
Effect of predefined model parameters on the simulation results
Temperature and velocity fields for n = 1 and n = 0.2 are presented in Fig. 4 with the mass flow rate 40 slpm of Ar and 8 slpm of H 2 and current of 400 A (400A-40Ar+8H 2 ). Note that the arc core radius is given as 0.0016 m because this value is found to be close to the real arc core radius which will be discussed in detail in the following section. The overall temperature for n = 1 is smaller than that for n = 0.2, especially at the high-temperature cathode jet region, due to the lower current density. The velocity fields for both cases are quite similar, but n = 0.2 leads to slightly larger area of the high velocity region. In addition, the arc-root position is shown to be independent on the value of n. Figure 5 shows the radial distribution of the temperature and velocity at nozzle exit. It is found that the value of n almost has no effect on the temperature and velocity distributions at nozzle exit because of the heat and momentum exchanges at the torch downstream which eliminates the difference in the temperature and velocity fields. Therefore, based on the above findings, one may conclude that n mainly affects the temperature and velocity inside the plasma torch, particularly at the upstream and central regions. Considering the real experiment situation (relatively high temperature and velocity inside the torch), n = 0.2 is chosen as the default value in the following study.
Sizable experimental works reported that the erosion of the anode wall is always constrained at a small area, hence the angles for imposing artificial conductivity layer are reasonable to be small in the numerical model. In order to find whether the angle has effect on the prediction of the location of arc-root attachment. Figure 6 shows the temperature fields inside the plasma torch for two small angles, namely, θ = 10 • and 20
• . It is found that θ seems to have little effect on the predicted arc length. In the following simulations,
• is chosen as the default value.
Real arc core radius is also an unknown parameters, which needs to be assumed before simulation. Figure 7 shows the effects of arc core radius on arc length (arc length refers to the axial distance between the cathode tip and the anode spot) and torch power. Arc current and mass flow rate are fixed to 400A-40Ar+8H 2 . Numerical simulations are carried out to obtain the torch power with different arc core radii. The torch power is calculated based on the voltage on the cathode tip and current when the computation is convergent (residual error ≤ 1e-6) and stable. It is observed that both torch power and arc length decrease with increasing the arc core radius.
The present results can be supported by the previous work and the current conservation equation in [13] :
When R increases, the maximum value of the current density described by the Eq. 12 decreases, which declines the temperature of the plasma column. Generally, the decrease of the temperature indicates the decline of the torch power. Besides, the reduction of temperature also results in significant reduction of the electrical conductivity when temperature is below 20,000 K as stated in [30] . For example, at the condition of I = 400 A, when R increases from 0.0016 m to 0.0018 m (growing by 26.5% for R 2 ), the calculated average value of σ falls by 27%. Therefore, it is reasonable that both arc length and torch power decrease as arc core radius increases.
Minimum total heat transfer rate principle for determining the location of the arc-root attachment
A new method for determining the arc-root position is proposed. In this method, the minimum total heat transfer rate through the anode wall is considered as the criterion of the lowest energy loss. The arc core radius and arc length which result in the minimum total heat transfer rate are regard as the real ones. In the current simulation, the artificial electrical conductivity is introduced in the numerical model [32] , thus the arc-root position can be automatically determined to meet the force balance between magnetic and drag forces in the axial direction.
In order to evaluate the reliability of this new principle, the total heat transfer rates through the anode wall as a function of arc core radius for different currents are presented in Fig. 8a . It is observed that the total heat transfer rate through the anode wall fluctuates as the arc core radius increases gradually. For each case, the minimum heat transfer rate can be clearly found at different arc core radii. Based on the minimum heat transfer rate principle, the real arc core radii for the current of 400 A and 500 A are around 0.0016 m and 0.0019 m, respectively. Also, the corresponding arc lengths are around 0.0083 m and 0.0061 m, respectively, which can be clearly found from Fig.   8b showing the arc length as a function of arc core radius. Given the current and the mass flow rate, the arc length decreases with the increase of the arc core radius, which has been explained by equation (16) . The suitable arc core radius determined by our principle are comparable with the previous simulation result obtained on the basis of minimum entropy production [13] .
This fact implies that the real arc core radius can be distinguished by different principles.
For comparison with the experiment, Fig. 9 shows the cross-sectional photograph of the F4 nozzle under the working current of 400 A. The torch is seriously eroded on the anode wall surface, which arises from the extremely high temperature at the anode spot. Also, the erosion is found to be locat- constant in the calculation, so the temperature at the anode wall is the main parameter to affect the total heat transfer rate. At the same flow rate, higher current results in higher plasma arc temperature, thus higher anode wall temperature and higher heat transfer rate. Figure 10 shows the temperature and velocity fields inside plasma torch under the condition of 400A-50Ar+8H 2 and 500A-40Ar+8H 2 . Recalling to Fig. 4b and 4d that show the temperature and velocity fields under the condition of 400A-40Ar+8H 2 , one can find that at the same current the overall temperature inside the torch decreases with increasing the mass flow rate of Ar, but the overall velocity shows an increasing trend. Under the same inlet flow rate, the gas temperature is not drastically affected by the increment of arc current because the enthalpy input is not greatly changed over the predicted temperature range. In addition, it is also found that the arc length goes up with increasing the flow rate but reduces with increasing the current. This can be supported by the following equation given by [32, 33] 
Effect of current and mass flow rate on the temperature and velocity fields
There exists a balance situation in axial direction between two kinds of forces existing on an arc column, namely net magnetic body force (first term of the left part in Eq. 17) and gas dynamic drag force (second term). r 0 , R c and C D are roughly treated as constant due to negligible change in the calculation. When the mass flow rate of Ar increases, the value of u z has a great increase, which indicates that the force induced by the flow rate increases, and then the location of the arc attachment moves to the right (L is longer). When only current increases, the magnetic force presents considerable increase, hence the location of the arc attachment moves to the left. Furthermore, this fact can be also well explained by the following relation [32, 33] :
Firstly, when the mass flow rate of Ar increases from 40 slpm to 50 slpm, the temperature field at the near-arc region has no significant change ( Fig.   4b and 10a) , the consequent density must follow the same variation trend due to its temperature-dependent property. However, the velocity at the near-arc region is found to significantly increase with increasing the flow rate ( Fig. 4d   and 10c) . Therefore, the arc length must increase with the flow rate under the same current based on Eq. 18. On the other hand, when the current rises from 400 A to 500 A, temperature ( Fig. 4b and 10b ) and velocity ( Fig.   4d and 10d ) at the near-arc region increase. But the increased temperature is able to decrease the plasma density, and the density reduction should be more prominent than the increment of velocity. Besides, the power of 1.25 to density in Eq. 18 provides more downward trend to the arc length. The final consequence is the arc length decreases with increasing the current. Previous numerical prediction [2] and experimental findings [32, 33] also reported the similar results. Figure 11 shows the contours of the predicted electric potential under different currents and mass flow rates. As can be seen from Fig. 11a and c, the arc voltage goes up as the mass flow rate increases. This phenomenon may be explained as that more energy that is represented by arc voltage is needed to ionize the more volume of gas. On the contrary, as shown in Fig.   11a and c, with the current going up, the voltage shows a decreasing trend, which is in agreement with that reported in [34] . Moreover, it is known that larger voltage can also result in the arc-root attachment moving further towards the downstream. This fact also can be used to explain why the length of the arc-root attachment increases with the inlet mass flow rate but decreases with the current.
The effects of the mass flow rate and the current on the temperature and velocity profiles at the nozzle exit are also studied (Fig. 12) . It is seen that the temperature and velocity roughly show an upward trend with increasing the mass flow rate of Ar under the same current, but they are insensitive to the current under the same flow rate. The reason for this fact is given as follows.
Recalling to Fig. 8 , under the same current, when increasing the mass flow rate, the core radius will decrease and arc length will increase, which enables the energy to maintain on a long distance, and thus more energy at nozzle exit can be retained. For the same mass flow rate, when increasing the current, the core radius will increase and arc length will decrease, which implies that the plasma energy mainly concentrates at the upstream of the plasma torch.
In this case, the total heat transfer rate increases, and more energy will be taken by the water. Therefore, increasing current may exert less effect on the temperature and velocity at the nozzle exit in comparison with that by increasing only mass flow rate.
Conclusions
Numerical investigation on the non-transferred arc plasma torch is per- (1) Temperature and velocity inside the plasma torch decrease with increasing n. However, n is found to have little effect on the temperature and velocity at the nozzle exit.
(2) The minimum total heat transfer rate principle can be used to determined the suitable arc radius and corresponding arc length. 
